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Fe nanocapsules with Fe nanoparicles core and amorphous SnO, shell have been synthesized by the
modified arc discharge method. The microwave absorption properties and electrochemical performances
of Fe/amorphous SnO, nanocapsules were investigated. The synergistic effect of magnetic loss in Fe
nanoparticles core and dielectric loss in SnO, shell made the Fe/SnO, nanocapsules with the excellent
microwave absorption properties. Reflection loss (RL) values of Fe/SnO, nanocapsules-paraftin
composite is -39.2 dB at 16.8 GHz at the absorbent thickness of 2 mm and the absorption bandwidth with
the RL below -20 dB is up to 10.6 GHz (from 7.4 to 18 GHz) for the absorber with the thickness in 2 - 3.8
mm. When evaluated as anode materials for lithium-ion batteries, the Fe/amorphous SnO, nanocapsules
deliver an initial discharge of 1558.7 mAh g at 38 mA ¢! and maintain a reversible capacity of 698.2
mAh g over 100 cycles, which is attributed to the amorphous SnO, nanoshell.

1. Introduction renewable energy storage, a significant advance in energy storage
density, power density, and cycle life is required.'®'® Tremendous
so efforts have been focused on developing alternative high
performance electrode materials for next generation LIBs,
especially metal oxides due to their high theoretical capacitance,
natural abundance and low cost.'”?* Among numerous new
candidates of anode materials, SnO,, an important n-type
ss semiconductor (Eg=3.6 e¢V), has been considered as promising
negative electrode materials due to its high theoretical capacity
(782 mAh g).2* However, the significant disadvantages of SnO,
are the poor cyclability due to the large volume expansion
(~300 %) during the discharge/charge processes and the high
o0 irreversible capacity loss from the formation of Li,0.*' As one of
the effective ways, nanostructured SnO, such as 1D nanowires,”
2D nanosheets,?® and 3D porous nanostructures,”’ will be more
able to withstand the huge volume change during the charge-
discharge process. Furthermore, it has been reported that
6s introducing core-shell structured nanocomposites is a new way to
activate the irreversible capacity of alloy-type metal oxide
because the metal nanoparticles in the cores can make extra Li,O
reversibly converting to Li'.*® However, few amorphous
nanostructured SnO, are reported as the anode materials for LIBs.
70 Amorphous electrodes show better cycling characteristics than
crystalline electrodes, primarily due to the continuous and single-
phase reaction without phase transformation and with more
homogeneous volume expansions.”> A further advantage is the

In the past decades, nanocomposites consisting of
transition metals and semiconductor materials, especially those
with core-shell structures, have drawn growing interests owing to
their unique structural features and unusual properties that endow
them with great potential for various applications, such as
microwave absorbers and lithium-ion batteries (LIBs).!
Microwave absorber is a kind of functional material that can
absorb electromagnetic (EM) wave effectively and convert EM
energy into thermal energy or make EM wave dissipate by
interference.®® The serious EM pollution/radiation and shielding
interference in the field of electric communication result in the
increasing demand for the development of novel high-efficient
microwave absorbers with light density, low cost, thin thickness,
wide absorption frequency range, and strong absorption
abilities .” Recently, core-shell structured nanocapsules have been
subject to extensive study for the combined functionalities of
cores and shells that show great potential for broadband
lightweight absorbers with lower reflection loss than single-
component microwave absorbers .'*%* Due to the high saturation
magnetization, high initial permeability, high Curie temperature
of iron, the previous work mainly studied the effect of various Fe-
based nanocapsules with dielectric shells on the microwave
absorption performances.'®!* Fe-based nanocapsules with the
semiconductor shells have been rarely focused on. Fe-based
nanocapsules with the semiconductor shells possess the combined

. . . relatively fast Li transport in the amorphous phase.’* More
effect of excellent magnetic properties of Fe cores and the high . Y P . P P .
. . . . s importantly, electrodes remain fully amorphous during
resistivity of semiconductors, which ensures their excellent

. . L 4ls lithiation/delithiation cycling, avoiding problems associated with
microwave absorption properties .” . " 22
. . ) ) crystalline-amorphous phase transitions.™ In the present work,
Recently, global warming, diminishing fossil-fuel supplies,
) . ) . ) Fe/amorphous SnO, core-shell structured nanocapsules have been
and environmental pollution have driven the increasing usage of . . . L
) i > synthesized by the arc discharge technique. A combination of a
rechargeable LIBs. To apply LIBs in electric vehicles and
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magnetic core and a semiconductor shell would widen the
application of this kind of multi-functional nanocapsules. The
microstructures, magnetic properties, EM properties and
electrochemical performances of Fe/SnO, nanocapsules are
investigated systematically and the effects of the core-shell
microstructure are discussed in detail.

2. Experimental

2.1 Synthesis of Fe/amorphous SnQO, core-shell structured
nanocapsules

In this work, the Fe/amorphous SnO, core-shell structured
nanocapsules were fabricated by the modified arc-discharge
method, which was described in detail in our previous work 21215
According to the Wang’s report,®' Fe-Sn alloy or Sn appear when
the Sn content of the used Fe-Sn target is over 2 at%. Micrometer
powders of metallic Fe and Sn of 99% purity were well mixed for
the preparation of FeqoSn (at.%) target. In brief, FeqySn target
served as the anode, while the cathode was a tungsten needle. The
anode target was placed into a water-cooled copper crucible.
After the chamber was evacuated (in a vacuum of 1.0x107 Pa),
argon gas of 1.6x10* Pa was introduced into the chamber. The
arc-discharge current was maintained at 40 A for 1 h to evaporate
the target sufficiently. Then the product in the form of powder
was collected from material deposited at the top of the water-
cooled chamber, after passivated for 24 h in air.

2.2 Materials characterizations

The phase analysis for the product was performed by using
powder X-ray diffraction (XRD), acquired by a Bruker D8
Advance X-ray diffractometer equipped with a monochromatized
Cu-Ko radiation. The morphology and size distribution of the
products were observed by a high-resolution transmission
electron microscope (HRTEM) images from JEOL-2100F.
Magnetization measurements were carried out using a vibration
sample magnetometer (VSM). The surface composition was
analyzed by an X-ray photoelectron spectroscopy (XPS)
spectrometer, using Mg Ka line (1253.6 eV) excitation (Perkin
Elmer PHI 1600 ESCA system).

2.3 Electromagnetic absorbing measurement

The Fe/SnO, nanocapsules-paraffin composite was prepared
by uniformly mixing Fe/SnO, nanocapsules with paraffin, and the
detailed descriptions can be found elsewhere.> & '® 115 The
mixture was compressed into a cylinder-shaped compact, and
then cut into a toroidal shape with 7.00 mm outer diameter and
3.04 mm inner diameter. The EM parameters of Fe/SnO,
nanocapsule (40 wt.%)-paraffin composites were measured using
an Agilent N5244A vector network analyzer (VNA, USA).
Coaxial method is used to determine the EM parameters of the
toroidal samples in the frequency range of 2-18 GHz in transverse
EM mode. The vector network analyzer was calibrated for the
full two-port measurement of reflection and transmission at each
port. The complex permittivity (g,=¢-je") and complex
permeability (u,=u'-ju') were calculated from S-parameters using
a simulation program of Reflection/Transmission Nicolson-Ross
model 2 6:10.12-15

2.4 Electrochemical tests

55 The electrodes were fabricated by mixing the Fe/SnO,
nanocapsules, ketjen black and polyvinylidene difluoride (PVDF)
at a weight ratio of 70:20:10. A slurry was prepared by
thoroughly mixing an N-methyl-2-pyrrolidone solution of PVDF,
Fe/SnO, nanocapsules and ketjen black, which was then coated

6 on copper foil and dried in a vacuum baking oven at 120 °C for
10 hours. The coin-type cells (CR2016) were assembled in an
argon filled glove box. Celgard 2325 was used as the separator.
Pure lithium disks were used as the counter and reference
electrodes. The electrolyte was 1 M LiPF6 in ethylene carbonate

es (EC):  dimethyl carbonate (DMC) (1:1 volume).
Charge/discharge cycling was performed on the PAR2273
Electrochemical Measurement System (EG&G Princeton Applied
Research) at 0.01-2.5 V. A cyclic voltammetric (CV)
measurement of the electrode was cycled by Land 2001A with a

70 scan rate of 0.1 mV s at room temperature.

in

3. Results and Discussion
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Fig. 1 XRD pattern of a-Fe/SnO, nanocapsules. The inset is the
magnetic hysteresis loop at 295 K.

The XRD pattern is shown in Fig.1, indicating that all
o0 sharp reflections can be indexed with the body-centered cubic a-
Fe phase (JCPDS card No. 87-0722) with lattice parameter of a =
2.860 A. The average grain size of a-Fe is calculated to be about
18 nm from the full width at half maximum of the Fe (110) Bragg
scatting peak intensity using Debye-Scherrer’s formula:
os D=(0.891)/[0(26)cos0)], where A is the X-ray wavelength, 6(26)
the line broadening at half of the maximum intensity in radians,
and 6 the Bragg scattering angle. However, in the present case,
the Sn-oxide shells are not detected by XRD, because probably
only a small amount of Sn-oxides is present on the shell of the
100 nanocapsules, and also due to the amorphous nature and the lack
of the translational symmetry of the shell. The inset of Fig.1
shows the hysteresis loop of the a-Fe/SnO, nanocapsules at 295
K. The saturation magnetization of the o-Fe/SnO, nancapsules
reaches 39.9 emu/g, which is 19 % of the bulk a-Fe value. This
10s difference in the bulk property is explained by weakly coupled
and more disordered spins on the surface and the existence of a
nonmagnetic SnO, component.'>
A TEM image in Fig. 2(a) shows a group of a-Fe/SnO,
nanocapsules. The nanocapsules are nearly spherical in shape
1o with a diameter distribution of 30-50 nm. The HRTEM image, as

2 | RSC Adv., 2014, [vol], 0000
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shown in Fig. 2(b), clearly indicates that the nanocapsules own a
‘core/shell’ type structure and inner o-Fe nanoparticles core are
encapsulated into the amorphous shell with the thickness of 7 nm.
In order to obtain more information on amorphous shell, we
investigated o-Fe/SnO, nanocapsules with XPS at an etching
depth of 1 nm. As shown in Fig.2(c), the binding energy peaks of
Sn 3d3/2 and Sn 3d5/2 for the Fe/SnO, nanocapsules are 495.36
eV and 487.10 eV, respectively, indicating the shell is thicker than
1 nm. Because 487.10 eV and 495.36 eV are consistent with the
10 binding energy of Sn 3d5/2 and Sn3d3/2 in Sn0,,** ** the shells
of nanocapsules can be identified as SnO,. The formation
mechanism of the Fe/SnO, nanocapsules can be ascribed to the
different evaporating pressures and melting points for Fe and Sn
atoms during the arc discharging process. When the temperature
is decreased, the Fe atoms with higher melting point first form a
nucleus and these Sn atoms with lower melting point are
abundant on the surfaces of the Fe nanoparticles. When the
products are passivated in air, Sn atoms are easily oxidized to
amorphous SnO, on the surfaces of the nanocapsules to form the
2 core/shell structure.'
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Fig. 2 (a) TEM image and (b) HRTEM image of a-Fe/SnO,
nanocapsules; (c) XPS spectrum of the Sn 3d electrons on the
40 surface with an etching depth of 1 nm.

The microwave absorption properties of the Fe/SnO,
nanocapsules are determined by the relative complex
permeability (x,) and permittivity (¢,) at a given frequency and

4s layer thickness. The real parts and imaginary parts of EM
parameters correspond to the energy storage and loss of EM
waves in the propagation process .° Fig.3(a) shows the frequency
dependence of the real part (¢) and the imaginary part (¢") of &, of
the Fe/SnO,-paraffin composites in the 2-18 GHz range. The ¢’ of
so the composite declines from 11.26 to 5.2 in the frequency range
of 2-18 GHz. The dielectric performance of the material depends
on ionic, electronic, orientational, and space charge polarization .!
The space charge polarization appears due to the heterogeneity of
the nanocapsules and the orientational polarization is raised by
ss bound charges (dipoles)."”” As the frequency of the EM field is
increased, the dipoles could not reorient themselves fast enough
to respond to an applied electric field, thus the dielectric constant
decreases. Maximum/minimum values can be found

below/above the resonant frequencies in the &’ curve. Accordingly,
0 two typical dielectric resonances at 3.8 and 16 GHz are obviously
observed in the €” curve, indicating that they are from the
synthetic effect of the Fe nanoparticles cores and SnO, shells.
The peak at around 14 GHz may be from the spin wave
excitations.”> The Fe/SnO, nanocapsules not only present an
es enhanced dielectric behavior but also combine with the magnetic
resonance behavior of Fe nanoparticles. The real part (¢") and
imaginary part (u") of u, of the Fe/SnO,-paraffin composites are
presented in Fig. 3(b). The ' values decrease with increasing
frequency. At around 3 GHz, the u' curve implies a normal
70 resonance. Meanwhile, the u" values show a peak at 3.2 GHz,
which implies that the natural resonance occurs in the Fe/SnO,
nanocapsules. The natural resonance at 3.2 GHz frequency range
is due to the small size effect, the surface effect and spin wave
excitations,! which is important for their use as microwave
75 absorption materials in the GHz frequency region. The real parts
and imaginary parts of EM parameters correspond to the energy
storage and loss of EM waves in the propagation process,
respectively.® The loss capacities can be simplified by dielectric
loss factor (tandy=¢'/e’) and magnetic loss factor (tandy=u'/u"),
so which are shown in Fig.3(c). Both the dielectric loss factor and
magnetic loss factor exhibit a broad peak at 2-6 GHz. It is
thought that the dielectric loss factor and magnetic loss factor are
mutually exclusive and difficult to be simultaneously enhanced
for single-component materials.® For the absorbers, high-
ss performance microwave absorption mainly results from proper
EM impedance matching. A delta-function method has been put
forward to effectively evaluate the EM impedance matching
degree.®® The smaller delta value implies better EM impedance
matching. The delta values, smaller than 0.2, correspond to the
RL below -8 dB.* Based on the method proposed in ref. 34, the
calculated delta value map of the Fe/SnO, nanocapsules is shown
in Fig.3(d). The dark blue area indicates the excellent microwave
absorption properties.

©
S

95

-
i)
s

P
Z ol =}
=0 g
E 155
=
g € 08
z ]
—_— o
E b, g
100 H B 5 &
4] " &" s
2 4 3 8 10 12 14 16 1
f(GHz)
0.6} S 0.6
gs @ H
T |8 £
& osh IR {053
105 % g: ‘hb"nf P
Q.
S 04k 3 W‘“ﬁ\. o i u.4§
E @ o 5“ =
2 0af ™ '&3 0 JE,‘
X s
a o =
02} () 0.2
2

10 12 19 16 18
f(GHz)
110
Fig. 3 (a) complex permittivity and (b) complex permeability and
(c) magnetic loss factor and dielectric loss factor and (d)

calculated delta value map of Fe/SnO, nanocapsules.

115 Therefore, the core/shell structured Fe/SnO, nanocapsules
should have excellent EM absorption properties, due to the effect

This journal is © The Royal Society of Chemistry 2014
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of dielectric resonances and magnetic resonances. According to
the transmit-line theory, the reflection loss (RL) can be calculated
by the following equations:

Z,=Zy(u, /&))" tanh[ jQr fid I c)(p,6,)"*]

RL=201g|(Z, -Z,)[(Z,

+2,) (1)
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Fig.4 (a) Three-dimensional (3D) representation of the RL
derived from the measured ¢, and x, of the Fe/SnO,-paraffin
composite as a function of the frequency. (b) RL of the Fe/SnO,-
35 paraffin composite with the thickness range from 1.0 to 5.0 mm.

Where Z,, is the input impedance of the absorber, u, and &,
are, respectively, the relative complex permeability and
permittivity, ¢ is the velocity of electromagnetic waves in free
space, fis the frequency of microwaves, and d is the thickness of
the absorber. The RL of the Fe/SnO, nanocapsules with the
thickness of the absorber varied from 0.8 to 5.4 mm can be
calculated as shown in Fig. 4. From the RL curves in Fig.4(a), we
can get the following properties: (1) the optimal RL obviously
ss shifts to the lower frequency range with increasing thickness of

the layer; (2) the RL peak intensity first increases then decreases
with the increase of the thickness; and (3) the RL peak intensity
almost keeps a constant when the thickness is thicker than 4.5
mm. Tao et al introduced the model of an EM wave normally
so incident on an absorber without and with a backed metal plate to
explain the absorbing mechanism.*® Through analyzing and
calculating the energy of the EM waves reflected from the air-
absorber and absorber-metal plate interfaces, it was concluded
that the intensity of the RL peak is determined by the energy
ss difference of the two waves. When the energy of the two reflected
waves is equal, the intensity of the RL peak is strongest,
otherwise it becomes weak.*> According to the electromagnetic
loss model, the peak of both dielectric loss and magnetic loss are

4

S

useful to significantly absorb the electromagnetic wave energy.
o Hence, the absorbing peak should be at 2-6 GHz and keep at 2-6
GHz. However, the simulated results show that the RL peak
frequency is closely related to the thickness. Tao et al introduced
the quarter-wavelength condition (d=nc/4f(8y,uy)1/2, n=1,3,5...))
to well explain the phenomena.™ As shown in Fig. 4(b), it
indicates that the maximum RL reaches -39.2 dB at 16.8 GHz for
the absorber with the thickness in 2 mm. Moreover, the
absorption bandwidth with the RL below -20 dB covers 10.6 GHz
(from 7.4 to 18 GHz) for the absorber with the thickness in 2 - 3.8
mm. Compared with the FeCo/C/polyaniline, Fe/TiO,,
FeCo/AlL,O3, Fe;04/Au, Fe/SnO, Ni/SiO,, FeCo/C, Ni/grapheme,
Fe/C naomaterials,">*%*15 the bandwidth and thickness of
Fe/SnO, nanocapsules with RL below -20 dB is wide and thin,
respectively. The special core/shell microstructure of the present
nanocapsules with amorphous SnO, shells and Fe nanoparticles
s cores is vital for the excellent EM absorption properties,

including strong absorption abilities and wide band absorption.
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Fig.5 (a) CV curves of Fe/SnO, nanocapsules for the first
three cycles, with scanning rate of 0.1 mV s™'. (b) Charge-
discharge profiles of the Fe/SnO, nanocapsules in the initial three
cycles and the 10th cycle at a current of 38 mA g'. (c) The
cycling performance at a current of 38 mA g”!, and cycle number
115 vs coulombic efficiency plots of Fe/SnO, nanocapsules electrode.
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The as-prepared Fe/amorphous SnO, core-shell structured
nanocapsules were further investigated as a potential anode for
LIBs. Cyclic voltammogram (CV) was used to estimate
electrochemical process of the Fe/SnO, nanocapsules. The first
three CV curves of Fe/SnO, nanocapsules electrode at a scan rate
of 0.1 mV s in the potential window of 0.01- 2.5 V (versus
Li/Li") were characterized, as displayed in Fig.5(a). As can be
seen, the curves of these curves are in good agreement with the
electrochemical behavior of SnO,-based anodes as described
previously:*'°

Li'+e +electrolyte—SEI layer 2)
SnO,+4Li"+4e —Sn+2Li,0 3)
Sn+xLi +xe'—Li,Sn (0<x<4.4) “)

In the initial CV cycle, a broad reduction peak between
0.84 V and 1.36 V is attributed to the lithium insertion to SnO, to
form Sn and Li,O, accompanied by the decomposition of
electrolyte to form a solid electrolyte interphase (SEI) layer
(Eq.(2)).*' Lithium ions subsequently insert to Sn to form Li,Sn
(0=<x<4.4) compounds, down to the cut-off voltage of 0.01 V.
During the anodic scanning, there are three oxidation peaks
presented at around 0.56, 1.26 and 1.86 V, corresponding to the
oxidation stages of lithium ions extracted from LiSn alloy
(Eq.(4)) and partly reversible reaction from Sn to SnO, (Eq.(3)),
respectively  consistent ~ with  the results  previously
described.”'*%*” The CV curves of the second and third cycles are
identical, indicating an excellent reversibility of the Fe/SnO,
electrode.

The discharge and charge curves for the first three and 10™
cycles as shown in Fig.5(b), the discharge and charge current
density is 38 mA g' (corresponding to 0.05 C). The initial
discharge and charge capacities are 1558.7 and 921.8 mAh g,
respectively. The initial capacity loss can be ascribed to the
formation of SEI film and electrolyte decomposition, which are
common for most anode materials.*>*” Despite the large initial
loss, the Fe/amorphous SnO, nanocapsules electrode exhibits
very stable cycling performance under such testing conditions
(Fig.5(c)). The discharge capacity slowly decreases to a value of
about 698.2 mAh g after 100 cycles, which is still significantly
higher than the theoretical capacity for graphite (372 mAh g™).
The initial Coulombic efficiency of the Fe/amorphous SnO,
nanocapsules is about 59.1 % and it keeps steadily more than
94 % since the 20th cycle as shown in Fig.5(c). It is worth
mentioning that the capacity retention of these Fe/SnO,
nanocapsules is significantly enhanced when compared with
many other SnO, nanostructures because of their unique
microstructure.”* ' The amorphous SnO, nanshell could
accommodate for the volume expansion, provide more reaction
sites on the surface and give channels that could efficiently
enable solvated Li" transport, which may be responsible for the
good performance.

Conclusions

We have synthesized Fe/amorphous SnO, core-shell
structured nanocapsules by the arc discharge method. The
microwave absorption properties of Fe/amorphous nanocapsules
have been investigated. RL values of Fe/SnO, nanocapsules-
paraffin composite is -39.2 dB at 16.8 GHz at the absorbent
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thickness of 2 mm and the absorption bandwidth with the RL
below -20 dB is up to 10.6 GHz (from 7.4 to 18 GHz) for the
absorber with the thickness in 2 - 3.8 mm. The excellent
microwave absorption performance is ascribed to the synergistic
effect of magnetic loss in Fe nanoparticles core and dielectric loss
in amorphous SnO, shell. As an anode material for LIBs,
Fe/amorphous nanocapsules exhibit a high initial capacity of
1558.7 mAh g' and 6982 mAh g' after 100 cycles. The
amorphous SnO, nanoshells have advantages for short lithium
diffusion length and large electrode/electrolyte contact area for
volume change during charging/discharging process.
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